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Abstract: Our ability to predict the effects of climate change on the spread of infectious diseases is in its
infancy. Numerous, and in some cases conﬂicting, predictions have been developed, principally based on
models of biological processes or mapping of current and historical disease statistics. Current debates on
whether climate change, relative to socioeconomic determinants, will be a major inﬂuence on human disease
distributions are useful to help identify research needs but are probably artiﬁcially polarized. We have at least
identiﬁed many of the critical geophysical constraints, transport opportunities, biotic requirements for some
disease systems, and some of the socioeconomic factors that govern the process of migration and establishment
of parasites and pathogens. Furthermore, we are beginning to develop a mechanistic understanding of many of
these variables at speciﬁc sites. Better predictive understanding will emerge in the coming years from analyses
regarding how these variables interact with each other.
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INTRODUCTION
Scientists and public health ofﬁcials have observed and
mapped the geographical incidence of infectious diseases in
relation to weather and climate for hundreds of years, and
formally for at least a half century (Reisen, 2010). In recent
years,thisworkhasacceleratedsigniﬁcantlyinthecontext of
predictions for global climate change (IPCC, 2007b). The
development of and response to the IPCC 4 predictions of
probable increases of vector-borne and diarrheal diseases
during coming decades (IPCC, 2007a) has catalyzed a great
deal of research, analysis, and speculation regarding the
nature, magnitude, and extent of possible changes.
Numerous, and in some cases conﬂicting, predictions
have been developed regarding the frequency, severity, and
duration of epidemics that may emerge. With respect to the
biogeographical focus of this issue, the central question is
whetherpathogensand parasitesthat arecurrentlyrestricted
to tropics and lower latitudes where the world’s greatest
biodiversity lies move toward poles (mostly north) and up-
ward in altitude. Perhaps the more controversial topic today
is the corollary to this question—how much will future
ranges of diseases that that do move be constrained by
socioeconomicconditions,includingourcapacitytocontrol
them (Hay et al., 2002; Patz et al., 2005; Lafferty, 2009)?
Until very recently, climate projections for the coming
decades have been limited to very coarse scale projections
using Global Circulation Models (GCMs) at the level of
continents and gross latitudinal and altitudinal changes
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still in its infancy and only beginning to be useful for
ecological and public health research at the regional, na-
tional, and sub-national scale for which most species dis-
tribution studies are conducted and validated (Beaumont
et al., 2008). As such, epidemiologists, ecologists, geogra-
phers, and others are grappling with the implications of
global climate projections for infectious diseases using a
variety of approaches. These include biological process
models, statistical geospatial analysis of current and his-
torical prevalence and incidence, and macroeconomic
demographic models, all coupled with climate analyses and
projections.
Although we are still at an early stage in our ability to
make predictions for these extraordinarily complex phe-
nomena, we are beginning to see some general patterns
with regard to the important geophysical factors that
govern biological basis for distribution change, the role of
transport of disease, vectors and hosts, the biotic assem-
blages that inﬂuence establishment, and the socio-
economic conditions that constrain or enhance these
dynamics.
GEOPHYSICAL FACTORS:T EMPERATURE
AND PRECIPITATION
Underlying most predictions for climate change effects on
parasite and pathogen distribution are the physiological
factors that regulate survivorship, reproduction, and
transmission, and their interaction with extrinsic environ-
mental changes associated with climate: precipitation,
humidity, air and water temperature, principally. Under
moderate greenhouse gas emission scenarios, GCM models
project during the next century approximately 2–4C
average warming and greater precipitation at higher lati-
tudes, with decreased precipitation at lower latitudes, and
increases in heavy precipitation events in many regions
(IPCC, 2007b).
Biological process models are an important component
of the discussion. Biological models estimate the respon-
siveness and thresholds of parasites, pathogens, and vectors
to temperature and precipitation. These models can be
used to estimate survivorship, transmissibility, and repro-
duction, including estimates of R0—the basic reproductive
ratio—under different climate scenarios (see Lafferty, 2009
for review). Based largely on studies of vector and/or par-
asite development, warming and increases in humidity are
predicted to open up new zones for malaria in Africa
(Epstein et al., 1998; Martens, 1999), parasitic nematodes in
the Arctic (Kutz et al., 2005), West Nile Virus (Reisen et al.,
2006), Lyme disease in North America (Ogden et al., 2008),
and Schistosomiasis in China (Zhou et al., 2008). Historical
analyses of climate patterns coupled with these biological
process models provide additional explanatory power. For
example, observed altitudinal increases in falciparum ma-
laria in the East African highlands during the past 30 years
have been associated with increasing temperatures and are
consistent with models of anopheline mosquito vector
development (Pascual et al., 2006).
Process models also suggest, as one would expect, that
in some cases, the same climate trends may reduce survi-
vorship or transmission of pathogens, parasites, and their
vectors at the warmer boundaries of their current ranges
(Lafferty, 2009). That is because future temperatures may
exceed the biological thresholds for survival or transmis-
sion at these boundaries. More analysis of biological
maxima and minima of pathogens, parasites, and their
vectors, including their diurnal ﬂuctuation thresholds, in
concert with downscaled climate models or historical re-
cords will be helpful in this regard. Paaijmans et al. (2009)
analyzed development time of Plasmodium falciparum
parasites in relation to that of its vector under a range of
diurnal temperature ﬂuctuations. They found that at the
higher mean temperatures (>26C) associated with en-
demic malaria transmission in Africa effects of global
warming on malaria dynamics may be overestimated.
However, at lower mean temperatures associated with
epidemic outbreaks (<20C), such as those found in the
Kenyan Highlands, real increases in R0 with a couple de-
grees of warming are biologically possible, and consistent
with epidemiological trends during the past 20 years in that
region.
Similarly, changes in seasonality, especially intensity of
rainfall, has been shown to be important in several diseases
(Koelle et al., 2005; Altizer et al., 2006; Pascual et al., 2008),
particularly cholera dynamics. More frequent heavy rainfall
events are predicted to occur in some areas, although the
conﬁdence levels and scaling of these future precipitation
models may still be insufﬁcient to support geographically
speciﬁc predictions.
Whereas vector-borne diseases, and to a lesser extent
diarrheal diseases, have been the principal focus of dis-
cussion, directly transmitted diseases, such as inﬂuenza and
cold viruses, are likely to change as well. Recent laboratory
work (Shaman and Kohn, 2009) on the persistence and
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be constrained markedly by absolute humidity. More re-
cent epidemiological analysis support this ﬁnding (Shaman
et al., 2010) and suggest that the marked seasonality and
generally predictable geographical trajectory of seasonal
inﬂuenza likely reﬂect, at least in part, climate variables.
Analyses of biological processes in relation to climate-
relevant geophysical parameters establish the potential for
climate change effects. However, they are insufﬁcient to
explain the highly complex dynamics of infectious disease
transmission and establishment, including biological, cli-
matological and socioeconomic considerations.
A frequently used alternative approach to predicting
biogeographic spread is based on mapping the statistics of
current and historical disease or vector prevalence or
transmission coupled with climate projections, often based
on GCMs (Rogers and Randolph, 2000; Mabaso et al.,
2006; Ebi et al., 2007). More recent statistical mapping (also
called niche modeling) approaches have been able to use
downscaled climate models (de la Rocque, 2008) in their
projections. Several have predicted northward shifting
zones of infection with modest impacts on overall extent of
distribution (Rogers and Randolph, 2000; Hay et al., 2004;
Nakazawa et al., 2007). Although essential, many of these
statistical mapping projects make their own set of
assumptions. Particularly problematic are those that as-
sume that today’s public health and socioeconomic con-
ditions, including surveillance and control capabilities,
populations affected, and other ecological and economic
conditions, will be similar to future conditions at new
locations.
TRANSPORT TO NEW CLIMATE-FRIENDLY
REGIONS
One signiﬁcant and long-presumed constraint on long-
range biogeographical spread of invasive species, including
pathogens, parasites, vectors, and hosts, has been the role of
spatial distance on the ability to arrive at a new hospitable
site (MacArthur and Wilson, 1967; Reperant, 2009). This is,
of course, less of a constraint today and for the foreseeable
future due to a diversity of globalized transport opportu-
nities. Speciﬁcally, agriculture trade (Arzt et al., 2010),
livestock movement (Fevre et al., 2006), wildlife trade
(Karesh et al., 2005), human travel and migration (Mac-
Pherson et al., 2009), ship ballast water (Aguirre-Macedo
et al., 2008), auto tire trade (Hawley et al., 1987), and the
global transport of desert dust containing microbiota reg-
ularly move pathogens, vectors, and infected hosts all
around the Earth.
At small and intermediate scales, distance is still a very
important determinant of disease movement. For example,
Triatomine vector dispersal of Chagas disease in Argentina
at a scale of meters to a few kilometers (Zu Dohna et al.,
2009) or movement of African trypanosomiasis at a scale of
tens to hundreds of kilometers via animal migrations
(Batchelor et al., 2009) are clearly constrained by distance.
Of course, if pathogens establish in a new zone and the
process is allowed to continue incrementally year after year,
diseases can and have moved across countries in a decade
without the aid of ‘‘modern transportation.’’ However, at
continental and intercontinental scales, movement of many
diseases in a warming world is unlikely to have a linear
relationship to distance because of the numerous means of
long distance transport operating today.
BIOTIC ASSEMBLAGES AND HOST RANGE
Because infectious diseases are components of species
networks, simply arriving in a new location may be insuf-
ﬁcient for establishment and creation of endemic lifecycles.
A number of studies have shown that emerging and
reemerging diseases, particularly those in the tropics, are
predominantly zoonotic and/or vector-borne diseases
(Daszak et al., 2000; Woolhouse and Gowtage-Sequeria,
2005; Wolfe et al., 2007). The principal ecological deter-
minant for successful establishment for zoonotic and vec-
tor-borne disease success in a decadal time frame is
probably a broad host range (Woolhouse and Gowtage-
Sequeria, 2005; Daszak et al., 2000). In recent years, a
number of vector-borne viral diseases have migrated across
or between continents through their ability to acquire new
vectors (West Nile, Chikungunya) or utilize diverse and
widely dispersed domestic (Rift Valley) or native (West
Nile) animal hosts (Gould and Higgs, 2009). Importantly,
the capacity to acquire new vector and host species often is
facilitated by the capacity of the pathogen to evolve mutant
strains that are efﬁciently acquired and transmitted by this
new species.
Parasitic and infectious diseases with long, specialized,
and/or especially complex life cycles involving multiple
host species would logically be more challenged to establish
themselves in new habitats by the need to ﬁnd appropriate
hosts and vectors. For example, the highly pathogenic
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tribution that is inﬂuenced by climate but constrained by
landscape variables that determine host availability (Dan-
son et al., 2003; Mas-Coma et al., 2008). Egg survival is
dependent on ground moisture levels, but intermediate
stages survive in rodents, and its deﬁnitive hosts are typi-
cally foxes, coyotes, and dogs. At large spatial scales across
China and inner Mongolia, A. echinococcus distribution has
become focal due to the interaction of the requirements for
a physical environment that is moist and cool enough to
allow for egg survival and for the grassland landscapes that
support both high densities of small mammals and canine
hosts (Giraudoux et al., 2006). High levels of forest cover or
cleared agricultural landscapes reduce intermediate and/or
deﬁnitive host densities.
It follows that for long-lived, host-specialized parasites,
such as Echinococcus, it is likely that long time periods are
required for the evolutionary changes required to enable
dispersal to zones with insufﬁcient host densities of its
original species. However, some historical and paleonto-
logical studies of parasites suggest that host-switching
behavior in parasites in response to ecological changes has
been more common than generally thought and global
climate changes are likely to produce broadening of para-
site host ranges even for long-lived, nominally specialized
parasites (Brooks and Hoberg, 2007).
By contrast, water-borne diarrheal diseases often are
predicted to increase with climate change. Biogeographi-
cally restrictive interaction of diarrhea-causing pathogens
with new hosts or other pathogens has received little
attention to date in the context of climate change. An
exception is a series of papers by Colwell and workers on
associations of Vibrio cholera with copepods in zooplank-
ton (Gil et al., 2004; Constantin de Magny et al., 2008).
For directly transmitted human diseases, the sorts of
species network challenges may be even less of a constraint.
Humans are most everywhere, highly mobile, and share
most diseases readily. The principal biological barriers are
host immune systems. Largely for these reasons we see
rapid cross-national and continental movement and inva-
sion by new viruses, such as seasonal inﬂuenza, SARS, and
other coronaviruses. Although much of the climate change
and disease discussion has focused on vector-borne diseases
(Lafferty, 2009), the ‘‘biotic simplicity’’ of directly trans-
mitted diseases, in concert with the climate sensitivity of
viruses as discussed earlier, might argue that we should pay
more attention to them in climate change discussions.
SOCIOECONOMIC CONDITIONS:B EHAVIOR,
PUBLIC HEALTH INFRASTRUCTURE
AND MEDICAL INTERVENTIONS
Although there has been little serious discussion that cli-
mate change will not impact infectious disease distribu-
tions, a view expounded by a number of authors (Reiter,
2008; Zell et al., 2008; Lafferty, 2009) discounts the relative
role of climate change compared with other major inﬂu-
ences on human disease. These factors include efﬁcacy of
control measures, such as vector control, sanitation, vac-
cination, and chemotherapy (Hay et al., 2002), as well as
land use, urbanization, travel, wealth, and social behavior
(Gubler et al., 2001; Sumilo et al., 2008).
Supporting this view, statistical mapping analyses
(Rogers and Randolph, 2000; Hay et al., 2004) indicate that
the spatial extent and number of countries reporting en-
demic malaria has shrunk toward the tropics from a much
wider range during the twentieth century. The authors
attribute this principally to better control of vectors and
disease. Further support can be seen in the rapid reemer-
gence of tick-borne encephalitis in central and eastern
European states after the collapse of the Soviet Union
(1970–2005) (Sumilo et al., 2008). Statistical comparisons
of results of extensive socioeconomic surveys and public
health data across ﬁve former Soviet states indicate that
various socioeconomic, land use, and public health pro-
grams can explain most of the variation across countries in
the spread of tick-borne encephalitis during this period. In
this analysis, climate variables were not assessed, but sig-
niﬁcant unemployment, reversion of agricultural lands,
reduced pesticide use, reduced chemotherapy, and indi-
vidual exposure through increased ﬁeld collection of wild
foods appear to have contributed to rapid increases during
the early 1990s.
The interaction of climate change, infectious diseases,
socioeconomic conditions, and behavior is going to be
increasingly important in the coming years and represents
an exciting and complex area for research (Patz et al.,
2005). For example, several authors have predicted mass
migrations in response to climate change, particularly in
response to worsening droughts in sub-Saharan Africa
(Ramin and McMichael, 2009) (IPCC, 2007a). If borne out,
it is likely that many diseases will travel with migrants, and
in some cases will establish new infectious species or strains
with signiﬁcant effects on receiver populations (MacPher-
son et al., 2009).
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behavior are principal determinants of diarrheal disease
outbreaks, and clean water will be increasingly in short
supply in much of Africa and parts of Southeast Asia in the
coming decades due to overexploitation and climate change
(IPCC, 2007a). In an analysis of frequency all cause diar-
rhea in children younger than age 5 years in low- and
middle-income countries, Lloyd et al. (2007) found that
low mean monthly rainfall during the course of a year was
signiﬁcantly associated with disease. Surprisingly, neither
temperature nor simple measures of socioeconomic
development (GDP or GCP) were signiﬁcant in this anal-
ysis of a disease type mostly managed by traditional public
health measures, such as sanitation and education. Diar-
rheal diseases are produced by a diversity of bacterial, viral,
and protozoan organisms. Strain diversity within a species
is high locally (e.g., Jiang et al., 2000) around the world,
and migration to new zones has signiﬁcant implications for
biologically naı ¨ve host populations.
Finally, given the importance and complexity of
socioeconomic conditions on diseases, a variety of ap-
proaches and disciplines will be necessary to assess their
effects on pathogen and parasite biogeography (Parkes
et al., 2005). Macroeconomic and demographic modeling
may offer underexploited utility in this regard. A recent
paper by Tang et al. (2009) is instructive; they set out to
disentangle the causality of a ‘‘climate-income trap model
for human health’’ by examining national life expectancy
statistics (45 African, 113 non-African countries) in a cross-
sectional analysis. Using a series of regression models and
variation partitioning analyses to separate pure and com-
bined effects of income and climate their ﬁndings support
the hypotheses that: 1) income can moderate the adverse
effect of climate on life expectancy (LE); 2) as income
grows climate will have less of an effect on LE; and 3)
climate has a larger effect on LE in African countries than
in non-African countries, and further that for African
countries, climate has had a larger effect on LE than wealth.
FINAL THOUGHTS
Debates over the impact of climate change on infectious
disease emergence and migration are certain to continue in
the years to come. Accumulation and validation of bio-
logical process models, and ‘‘ground truthing’’ these with
statistical and mapping approaches help provide us greater
clarity and ensure that we are asking the right questions.
Macroeconomic and demographic approaches may help us
address some of the big questions related to the role of
disease management capability. Critical to a greater
understanding of these dynamics and more predictive
power is greater availability of downscaled General Circu-
lation Models to scales that are more relevant to commu-
nity and landscape biology and public health.
I have not addressed time scales in any depth here, but
they are extremely important aspects of biogeographic
changes in relation to climate. Longitudinal studies on the
multi-decadal time frames that climate change presents are
a major challenge. But the time required for evolution of
host range, for population dynamics of hosts and parasites
to stabilize, and for medical and public health systems to
adapt will all have major roles in determining biogeo-
graphic patterns of disease, and will all operate relatively
independently. Creative approaches are needed to address
this problem.
Debates about whether socioeconomic conditions or
climate will be more important are probably more polar-
ized than is productive. Both are clearly important. Both of
these complex suites of variables are interacting with each
other, and may do so in different ways for different diseases
in different places. However, understanding these disease
forcing factors and their interactions with each other are
crucial to our ability to predict and prevent the most severe
health outcomes.
The public health and medical community has made
enormous strides in control of infectious diseases during
the past half-century. Widespread availability of antimi-
crobial drugs, vector-control systems, diagnostics, vaccines,
and increasingly sophisticated predictive models represent
a powerful set of tools to protect public health from
emerging diseases. However, it would be unwise to dis-
count the potential importance of climate change, land use
impacts, and other ecological determinants of future dis-
ease.
Historically, ecological factors, including climate, have
been extremely important in determining both the range
and severity of diseases. These factors are now aggravated
by the near disappearance of antimicrobial drug develop-
ment in the industrial pharmaceutical sector, dramatic
reductions in training and support for vector control sci-
entists and implementers, persistent scientiﬁc and ﬁnancial
challenges in developing new drugs and vaccines for even
the most widespread diseases (e.g., HIV, malaria, TB), and
medical workforce shortages in the poorest parts of the
world. As our scientiﬁc capabilities to describe and model
Climate Change and the Geographic Distribution 493diseases and disease processes expands rapidly, it will be
important to ensure that we understand the changing
nature of our planet and continually adapt our systems and
invest in them to meet the challenges.
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